Chinese milk vetch (Astragalus sinicus L., vetch), a leguminous winter cover crop, has been widely adopted by farmers in southern China to boost yield of the succeeding rice crop. However, the effects of vetch on rice grain yield and nitrogen (N) use efficiency have not yet been well studied in the intensive double-cropped rice cropping systems. To fill this gap, we conducted a three-year field experiment to evaluate the impacts of the vetch crop on yields and N use efficiency in the subsequent early and late rice seasons. With moderate N input (100 kg N ha −1 for each rice crop), vetch cover significantly increased grain yields by 7.3-13.4% for early rice, by 8.2-10.4% for late rice, and by 8.6-11.5% for total annual rice production when compared with winter fallow. When rice crops received an N input of 200 kg N ha −1 , vetch cover increased grain yields by 5.9-18.4% for early rice, by 3.8-10.1% for late rice, and by 6.2-11.3% for annual rice production. Moreover, comparable grain yields (11.9 vs. 12.0 Mg ha −1 for annual rice production) were observed between vetch cover with moderate N and fallow with added N fertilizer. Yield components analysis indicated that the increased tillering number was the main factor for the enhanced grain yields by vetch cover. Vetch cover with moderate and higher N input resulted in higher agronomic N use efficiency and applied N recovery efficiency compared with the fallow treatments. Here, our results showed that vetch as a winter cover crop can be combined with reduced N fertilizer input while maintaining high grain yields, thus gaining a more sustainable rice production system. Agronomy 2019, 9, 554 2 of 11 farmers' costs, and (3) decreased N use efficiency may be associated with high risk of N losses into the environment, resulting in environmental problems, such as nitrogen leaching [3] , N 2 O and NH 3 emissions, and subsequent high atmospheric N deposition rates [4] .
Introduction
Rice (Oryza sativa L.) is one of the most important food crops in China, with a planted area of 30 million ha and a gross grain production of 206 million tons in 2014. Chemical nitrogen (N) fertilizer, as high as 193 kg N ha −1 , is regularly applied for each cropping season, with less than 36% of it recovered by the rice crop [1] . Sustainable rice production in this region is hampered by excessive N fertilizer application since: (1) rice grain yield increase is lower than N rate increase, leading to decreased partial factor productivity from applied N [2] , (2) high N fertilizer input increases wide ridges covered with plastic film to avoid water and nutrients leaking. Treatments were assigned to the same experimental plots for three years.
Vetch seeds (cv. Xiangfei 3) were hand broadcast approximately 15 days before late rice harvest in early October. The vetch received no fertilizer during the winter growing season. The aboveground biomass of the vetch was incorporated into the soil at the blooming stage by plowing and puddling approximately 10 days before early rice planting. In the winter fallow plots, the soil was bare without straw or grass cover (Figure 1 ). Agronomy 2019, 9, x FOR PEER REVIEW 3 of 11 wide ridges covered with plastic film to avoid water and nutrients leaking. Treatments were assigned to the same experimental plots for three years. Vetch seeds (cv. Xiangfei 3) were hand broadcast approximately 15 days before late rice harvest in early October. The vetch received no fertilizer during the winter growing season. The aboveground biomass of the vetch was incorporated into the soil at the blooming stage by plowing and puddling approximately 10 days before early rice planting. In the winter fallow plots, the soil was bare without straw or grass cover (Figure 1 ). For the early rice, seedlings (cv. Luliangyou 996, 30 d old, hybrid cultivar) were planted at a spacing of 15 cm × 20 cm with 2-3 plants per hill after field preparation and basal fertilization in late April and harvested in middle July. For the late rice, seedlings (cv. Yueyou 712, 30 d old, hybrid cultivar) were transplanted after early rice harvest and soil preparation, and harvested in late October. In each year, both early and late rice seasons received a basal fertilizer application in the form of 75 kg ha −1 P2O5 (calcium super phosphate), 100 kg ha −1 K2O (potassium chloride), and 70% N (urea or urea plus vetch residue in vetch plots), with the remaining N applied as top dressing at the tillering stage for both early and late rice seasons. For plots with vetch cover, basal N application in the early rice crop was reduced by the estimated N content in the vetch aboveground biomass residue. The field was flooded after early rice and late rice transplanting, and a floodwater depth of 3-5 cm was maintained until 10 days before maturity except that the water was drained at maximum tillering stage to reduce unproductive tillers. Herbicides and pesticides were used to avoid yield loss according to the actual demands. All plots received a similar field management for irrigation and crop protection during rice growth season.
Sample Collection and Analysis
Rice grain yield was determined at maturity by randomly harvesting two 4 m 2 areas from each plot, while six representative hills of rice plants were collected to measure yield components and N uptake. Plants were separated into leaves, stems, and panicles. The dry weight of straw and grain was measured after oven drying at 75 ℃ to constant weight. Yield components included number of panicles m −2 , number of spikelets panicle −1 , grain-filling percentage, and 1000 grains weight. Rice plant sample and vetch plant sample were weighed fresh, dried at 60 ℃ to a constant weight. Tissue N concentration was determined by micro-Kjeldahl [13] and used to calculate total N uptake. Applied N recovery efficiency (REN) and agronomic N use efficiency (AEN) were calculated following Xu et al. [14] as:
where NF and N0 are plant total N content (kg N ha −1 ) of N addition treatments and unfertilized control, respectively, and Applied N is the amount of N from urea and vetch. For the early rice, seedlings (cv. Luliangyou 996, 30 d old, hybrid cultivar) were planted at a spacing of 15 cm × 20 cm with 2-3 plants per hill after field preparation and basal fertilization in late April and harvested in middle July. For the late rice, seedlings (cv. Yueyou 712, 30 d old, hybrid cultivar) were transplanted after early rice harvest and soil preparation, and harvested in late October. In each year, both early and late rice seasons received a basal fertilizer application in the form of 75 kg ha −1 P 2 O 5 (calcium super phosphate), 100 kg ha −1 K 2 O (potassium chloride), and 70% N (urea or urea plus vetch residue in vetch plots), with the remaining N applied as top dressing at the tillering stage for both early and late rice seasons. For plots with vetch cover, basal N application in the early rice crop was reduced by the estimated N content in the vetch aboveground biomass residue. The field was flooded after early rice and late rice transplanting, and a floodwater depth of 3-5 cm was maintained until 10 days before maturity except that the water was drained at maximum tillering stage to reduce unproductive tillers. Herbicides and pesticides were used to avoid yield loss according to the actual demands. All plots received a similar field management for irrigation and crop protection during rice growth season.
Rice grain yield was determined at maturity by randomly harvesting two 4 m 2 areas from each plot, while six representative hills of rice plants were collected to measure yield components and N uptake. Plants were separated into leaves, stems, and panicles. The dry weight of straw and grain was measured after oven drying at 75 • C to constant weight. Yield components included number of panicles m −2 , number of spikelets panicle −1 , grain-filling percentage, and 1000 grains weight. Rice plant sample and vetch plant sample were weighed fresh, dried at 60 • C to a constant weight. Tissue N concentration was determined by micro-Kjeldahl [13] and used to calculate total N uptake. Applied N recovery efficiency (RE N ) and agronomic N use efficiency (AE N ) were calculated following Xu et al. [14] as:
Agronomy 2019, 9, 554 4 of 11 where N F and N 0 are plant total N content (kg N ha −1 ) of N addition treatments and unfertilized control, respectively, and Applied N is the amount of N from urea and vetch.
where G F and G 0 are grain yield (kg ha −1 ) of N addition treatments and unfertilized control, respectively.
Statistical Analyses
Data were analyzed using analysis of variance (SAS Institute, 2003) and means of rice grain yields, yield components, N uptake, and N use efficiency were compared based on the least significant difference (LSD) test at the 0.05 probability level.
Results

Grain Yield and Yield Components
Rice grain yield of the early rice, late rice, and annual rice production were significantly affected by year and treatment ( Table 1 ). The interaction effect of year and treatment was significant for the early rice crop, but not significant for late rice and annual production. Vetch cover stimulated grain yield for the succeeding early and late rice compared with fallow at the same N application dose.
Compared with 100 kg ha −1 chemical N fertilizer addition, vetch cover increased grain yields by 7.3-13.4% for early rice, by 8.2-10.4% for late rice, and by 8.6-11.5% for the total annual production ( Table 2 ). This was similar for the 200 kg N ha −1 treatments: 5.9-18.4% for early rice, 3.8-10.1% for late rice, and 6.2-11.3% for the total annual production higher with vetch cover than with winter fallow. With the exception of the late rice season in the year 2015, all differences between vetch and fallow were significant within the same N addition dose (p < 0.05). Table 1 . Analysis of variance (F values) for grain yield, total N uptake, agronomic N use efficiency (AE N ), and fertilizer N recovery efficiency (RE N ) of the early rice, late rice, and annual cycle rice in 2015, 2016, and 2017 in Huarong County.
Source of Variation
Early Rice
Late Note: Different letters in the same column mean there is a significant difference at the 0.05 level (LSD). The data shown in the panels are averages of the three replications for individual treatments. a The grain yield for annual rice cycle is the sum of the early and late rice grain yields from the same plot within a year.
Yield components analysis indicated ( Table 3 ) that rice grain yield increases associated with vetch cover were mostly the result of the increased panicle m −2 number, while the other three yield Agronomy 2019, 9, 554 5 of 11 components, spikelets panicle −1 , grain filling, and grain weight, were not significantly affected by treatments. Treatments with vetch cover showed higher panicle numbers for early rice in all of the years when compared with those with fallow. For panicle numbers of late rice, vetch cover increased panicle numbers compared to fallow at 100 kg N ha −1 in three years, while increased panicle numbers were observed only in 2017 for the 200 kg N ha −1 (Table 3) . Note: Different letters in the same column in the same year mean there is a significant difference at the 0.05 level (LSD).
N Uptake
Year and treatment significantly affected total N uptake for the early and late rice crops and annual rice production. The interaction effect of year and treatment was significant for early rice and annual production, but not significant for late rice ( Table 1 ).
The N uptake by early rice and late rice and annual N uptake increased significantly in response to N fertilizer ( Figure 2 ). Consistent with the positive effect of vetch cover on grain yields, N uptake by rice plants was also significantly higher in the vetch treatments than in the fallow treatments ( Figure 2 ). At 100 kg N ha −1 , vetch cover increased N uptake by 8.3-18.1% for early rice, by 6.0-8.8% for late rice, and by 7.1-13.2% for annual N uptake. At 200 kg N ha −1 , vetch cover enhanced N uptake by 9.2-26.6% for early rice, by 9.5-13.2% for late rice, and by 9.3-18.1% for annual N uptake (Figure 2 ).
N Use Efficiency
Both year and treatment had significant effects on AE N and RE N for early rice, late rice, and annual rice production, whereas the interaction between year and treatment on AE N and RE N was not significant (Table 1) .
During the three-year study, AE N exhibited the same trend across treatments for early rice, late rice, and annual cycle rice crops (Figure 3 ). For the same N dose, treatments with the vetch cover demonstrated significantly greater AE N values than corresponding fallow treatments for early rice, late rice, and annual rice production (p < 0.05), with the exception of the late rice season in the years 2016 and 2017 ( Figure 3 ). 
Both year and treatment had significant effects on AEN and REN for early rice, late rice, and annual rice production, whereas the interaction between year and treatment on AEN and REN was not significant (Table 1) .
During the three-year study, AEN exhibited the same trend across treatments for early rice, late rice, and annual cycle rice crops (Figure 3 ). For the same N dose, treatments with the vetch cover demonstrated significantly greater AEN values than corresponding fallow treatments for early rice, late rice, and annual rice production (p < 0.05), with the exception of the late rice season in the years 2016 and 2017 ( Figure 3 ). Similar to AEN, REN was stimulated by vetch cover across the three experimental years ( Figure  4) . REN values for early rice, late rice, and annual production were highest in MN100 plots (24.6-41.8% for early rice, 19.6-32.8% for late rice, and 23.3-37.2% for annual cycle), followed by MN200, FN100, and FN200 (Figure 4 ). Under the same N dose, MN100 and MN200 also showed significantly greater REN Similar to AE N , RE N was stimulated by vetch cover across the three experimental years (Figure 4 ). RE N values for early rice, late rice, and annual production were highest in MN 100 plots (24.6-41.8% for early rice, 19.6-32.8% for late rice, and 23.3-37.2% for annual cycle), followed by MN 200 , FN 100 , and FN 200 (Figure 4 ). Under the same N dose, MN 100 and MN 200 also showed significantly greater RE N values than FN 100 and FN 200 , respectively, for early rice, late rice, and annual cycle rice crops (p < 0.05).
cover cropping with 100 kg N ha each rice season, FN100 represents winter fallow with 100 kg N ha each rice season, MN200 represents vetch cover cropping with 200 kg N ha −1 each rice season, and FN200 represents winter fallow with 200 kg N ha −1 each rice season. The data shown in the panels are averages of the three replications for individual treatments. Vertical bars represent the standard errors. Different lowercase letters represent the significant differences at P < 0.05. Similar to AEN, REN was stimulated by vetch cover across the three experimental years ( Figure  4) . REN values for early rice, late rice, and annual production were highest in MN100 plots (24.6-41.8% for early rice, 19.6-32.8% for late rice, and 23.3-37.2% for annual cycle), followed by MN200, FN100, and FN200 (Figure 4 ). Under the same N dose, MN100 and MN200 also showed significantly greater REN values than FN100 and FN200, respectively, for early rice, late rice, and annual cycle rice crops (P < 0.05). 
Discussion
Effect of Vetch Winter Cropping on Rice Grain Yield
Effects of cover crops on the succeeding crop yields have been studied in various cropping systems around the world [9, [15] [16] [17] . In most cases, leguminous cover crop species, such as alfalfa, red clover, and crimson clover, exhibit a positive effect on grain yield of subsequent corn or winter wheat in corn-cover crop and winter wheat-cover crop systems [18] [19] [20] . When it comes to rice, some studies reported grain yield increased following cover crops such as milk vetch, Sesbania rostrate, and Aeschynomene afraspera [17, 21, 22] . It is widely thought that the yield increase is the result of a better synchrony of N supply from the cover crop residues with main crop N demand. In addition to its ability to fix N, leguminous cover crops are more likely to give a higher N return after incorporation, suggesting a possibility for replacing fertilizer N during main crop seasons.
In this study, the positive effect of milk vetch on the subsequent rice crops is in agreement with results from Yu et al. [23] and Zhu et al. [17] , which showed a 5-10% yield increase by including legumes such as bean or vetch in a rice-winter crop system. Similar positive effects on rice yield have been observed in multiple cropping systems such as rice-Azolla [24] and rice-fish [25] . In our study, milk vetch and subsequent early and late rice crops constituted a temporal multicropping system that resulted in enhanced rice crop yields. As reviewed by a number of reports [9, 12, 15, 16] , biologically-fixed N from the leguminous cover crops is likely associated with the increase in the rice Agronomy 2019, 9, 554 8 of 11 crop yields. Interestingly, we observed comparable rice yields for the treatments MN 100 and FN 200 (6.1 vs. 6.0 Mg ha −1 , 5.8 vs. 6.0 Mg ha −1 , and 11.9 vs. 12.0 Mg ha −1 for early rice, late rice, and total annual rice production, respectively). This implies a considerable potential for vetch in double-rice systems to reduce fertilizer N requirement while still meeting the goal of high rice grain yields [23] . The positive effect of milk vetch on yield was not limited to the early rice crop, but was also observed in the late rice crop. The possible explanation for this late rice effect is the greater N return from early rice straw in milk-vetch-treated plots (Figure 2) .
The results of yield components analysis indicated that a greater rice plant panicle number was the only factor affected by milk vetch and fertilizer rate, rather than number of spikelets panicle −1 , grain filling, and grain weight ( Table 3 ). This implies that rice grain yield increase by milk vetch was a result of more vigorous growth of rice plants at or before the tillering stage [17] .
Effect of Vetch on Rice N Uptake and N Use Efficiency
Another approach to managing the N economy of rice crops is to promote N retention by adding plant residues, such as straw, during the fallow period, but results from studies of the effects of straw application on the subsequent crop growth and N uptake are inconsistent. Some reported an insignificant increase or even a decrease in grain yield and N uptake after straw incorporation caused by short-term microbial immobilization associated with a high straw C/N ratio [26, 27] . Anaerobic decomposition of incorporated residues in a flooded paddy will release low-molecular-weight organic acids, some of which can inhibit root growth [1, 14] . Others observed enhanced crop yield and N uptake with residue incorporation of a suitable C/N ratio and when applied at the right time or in a right way [12, 28, 29] . In this study, the low C/N ratio of the vetch biomass residue (20) (21) (22) (23) (24) (25) and 10 days between vetch incorporation and rice transplanting allowed enough time for N release coinciding with early rice growth resulting in increased grain yield and N uptake. The increase in late rice grain yields and N uptake in vetch covering treatments could be explained by a higher N return from early rice straw biomass incorporation before late rice transplanting.
To better evaluate the sustainability of the vetch-double-rice system, it is important to consider options that have the potential both to improve rice production and to decrease chemical N demand. AE N and RE N are commonly used to measure N cycling efficiency in ago-ecosystems [14, 16, 28] . As shown in Figure 3 , the highest AE N values for early rice, late rice, and annual production were observed in vetch with 100 kg N ha −1 (16.7-18.2% for early rice, 7.7-14.6% for late rice, and 12.2-16.3% for annual cycle). The higher AE N in the vetch cropping treatments was the main explanation for the enhanced rice yields ( Table 2) . As reported by Bijay-Singh et al. [30] and Xu et al. [14] , AE N was not significantly increased by N return from incorporated straw unless the incorporated residue or aboveground biomass was applied with a lower N rate. However, our findings suggested an increased AE N after the vetch winter crop and residue incorporation both under a moderate and high N rate. Yao et al. [31] also observed a higher AE N in rice with a green manure duckweed (Spirodela polyrhiza) at a total N application of 225 kg N ha −1 , which was even higher than in our study. The effects of cover crop/green manure or crop straw incorporation on the subsequent crop AE N may depend on the quality of the incorporated organic amendments, such as C/N ratio [14] , nitrogen release rate [10] , and toxic material produced during residue decomposition [1, 14] .
Values for RE N in this three-year observation followed the range reported by other studies conducted in paddy soils [12, 28, 29] . The increase of RE N (Figure 4 ) in the vetch treatments was the result of a better synchronization between N supply and crop N demand, which was also observed in previous studies [31] [32] [33] . As reported by Zhu et al. [12] and Xie et al. [33] from a greenhouse pot trail, vetch combined with urea application resulted in a higher and more persistent soil inorganic N supply than urea applied alone. Furthermore, vetch cropping helped to increase soil microbial activities because vetch covering and incorporation may enhance vetch-microbe interaction by organic C and N input from vetch biomass and root rhizodeposition [23, 32] . According to Yuan et al. [34] , biological N fixation by vetch could supply 54.1 to 70.8 kg N ha −1 to rice paddies in southern China.
Agronomy 2019, 9, 554 9 of 11 Reduced N loss may be another essential factor explaining the increased N recovery efficiency in association with vetch cropping, because a cover crop could retain soil native N which otherwise might be lost through leaching during winter fallow [23] and decrease N loss in the form of ammonia gas during rice growing seasons [31] .
Conclusions
In an intensive double-cropped rice system in southern China, maintaining high grain yields and decreasing chemical N input is a double-win target for farmers and the environment. The present study indicated that winter cover cropping with leguminous vetch increased grain yields, N uptake, and N use efficiency of the subsequent early and late rice crops when compared with a winter fallow. The interaction between vetch residue incorporation and urea application significantly increased rice production while reducing chemical N input. Comparable grain yields (11.9 vs. 12.0 Mg ha −1 for annual rice cycle) between vetch with 100 kg N ha −1 and fallow with 200 kg N ha −1 suggested that winter cropping of vetch, combined with reduced N fertilizer, is a possible way to help reach the double-win target. The enhanced N use efficiency when vetch is supplied with N fertilizer would reduce N loss into the environment. These results show that winter covering of vetch helps to gain a more sustainable rice production system. 
